Zigzag-edged graphene nanoribbons are antiferromagnetic in cross-edge coupling and unsuitable for spintronics applications. Two new strategies of tuning antiferromagnetism (AFM) to ferromagnetism (FM) in graphene nanoribbons are introduced through topological line defects composed of pentagonal and octagonal rings, and their ability to induce magnetic transition is probed by using density functional theory. The resulting exchange energy is found to be large enough for ferromagnetism to be observed at room temperature. Both strategies are experimentally feasible, and the results suggest that defect engineering may provide a novel path to manipulate the magnetic properties of graphene nanoribbons.
I. INTRODUCTION
Graphene, 1 a two-dimensional (2D) single atomic layer composed of sp 2 hybridized carbon atoms, and its related structures have attracted considerable research interest due to their novel physical properties. 2 One of the interesting properties is its intrinsic magnetism related to p electrons, which is advantageous over the conventional d-or f -electron based magnetic systems due to weak spin-orbit interaction and long electron spin coherence time. Although the pristine 2D infinite graphene sheet is nonmagnetic (NM), zigzag-edged graphene nanoribbons (ZGNRs) have magnetic edges, which have been theoretically predicted and experimentally confirmed. [3] [4] [5] [6] Although the edge C atoms in ZGNR couple ferromagnetically within the edge, 7 they couple antiferromagnetically across the edges, 6 resulting in no net magnetic moment in the system. This is consistent with Lieb's theorem 8 of bipartite system derived from the tight binding Hubbard model. The term bipartite means that the system lattices can be divided into two sublattices α and β, where the hopping integral t xy = 0 if x ∈ α, y ∈ α, or x ∈ β, y ∈ β. Lieb's theorem states that if the Hubbard Coulomb energy U is positive and constant, the total magnetic moment can be calculated to be m = |n α − n β |/2, where n α(β) is the total number of α(β) sublattice. In the ZGNRs, n α = n β , and hence m = 0. In fact, C atoms in bipartite lattice favor to couple antiferromagnetically or ferrimagnetically with their nearestneighbor C atoms. This has been called the antipattern rule. 9 The total magnetic moment of 0μ B hinders further applications of ZGNRs in spintronics. Therefore it is highly desirable to modulate the magnetic coupling between the two edges of ZGNRs from antiferromagnetism (AFM) to ferromagnetism (FM). Currently, a few possible methods have been proposed. [10] [11] [12] [13] [14] [15] [16] For example, Sawada et al. found that injecting carriers (electrons or holes) to ZGNR can yield ferromagnetic coupling between the two edges. 10 Transition to FM can also be induced by the substrate magnetic field when ZGNRs are deposited on graphene/Ni(111) surface. 11 However, the energy difference between FM and AFM states is only about ∼4 meV. Wang et al. 12 proposed that two-sided oxidation of ZGNRs may be an effective way to obtain FM ZGNRs with higher exchange energy. However, according to the present oxidized graphene patterns, 13 this is hard to achieve experimentally and may not be stable. 14 Xu et al. demonstrated that the transition to FM can be possible when one edge is saturated by two H atoms and the other edge by one H, 15 but such precise control is also experimentally not easy. Lin et al. showed that the ZGNRs with topological line defect composed of two pentagonal and one octagonal rings in one unit cell (which is denoted as 558-defect ZGNRs in the subsequent paragraphs) can be tuned from AFM to FM when their widths are large enough, but the exchange energies are still small. 16 In this paper we focus on ZGNRs with 558-type line defect where pentagons are connected with octagons, which have been fabricated in experiment through adsorbing two graphene sheets on a Ni(111) surface with respect to fcc (face-centered cubic) and hcp (hexagonal close-packed) patterns. 17 This kind of defect is predicted to lead to quasi-one-dimensional (1D) metallic conductivity and has received much attention. 16, [18] [19] [20] [21] Using first-principles calculations, we show that the coupling of the two edges in ZGNR with 558-defect is still AFM in its free state, which can be tuned to FM by (1) applying uniaxial strain along the periodic direction or (2) substitutional doping with B, N, Al, or P. Both strategies can induce magnetism in the C atoms associated with the defect line. For nanoribbons with about 2 nm in width, the FM state can be energetically lower than the AFM state by 10 ∼ 50 meV per unit cell, which is large enough to be observed and applied in future experiments. According to Mermin-Wagner theorem, 22 O. V. Yazyev et al. 7, 23 has stated that the spin-spin correlation length of ferromagnetically coupled ZGNR edge is about 1 nm under room temperature. Hence, the length of spintronic devices should be within a few nanometers. Nevertheless, we noticed a recent experimental work, 24 which reported the first observation of energy splitting around the Fermi level of chiral GNRs in the dI /dV spectra. This is an evidence of GNR magnetism suggesting that the GNRs can be used as potential spintronic devices. Some ferromagnetic graphenebased materials have been observed. 25 Here, we study ZGNRs with a topological defect line, which will be helpful to study realistic chiral GNRs with defect lines. And also, if the width of the nanoribbon can be controlled within a few nanometers, the ferromagnetic coupling between the two edges can be retained. We also investigated the width dependence of the exchange energy and showed that larger magnetic coupling can be achieved for narrower 558-defected ZGNRs.
II. COMPUTATIONAL METHODS
Our first-principles calculations are based on spin-polarized density functional theory (DFT) using generalized gradient approximation (GGA) 26 for exchange-correlation potential given by Perdew-Burke-Ernzerhof (PBE). All the calculations are performed using a DMol3 package, 27, 28 and the periodic boundary condition is used to simulate 1D ZGNRs. Dangling bonds on zigzag edges are terminated by hydrogen atoms in order to retain the sp 2 hybridization of C atoms. We use a vacuum space of 15Å in the nonperiodic directions in order to avoid interactions between two neighboring images. The reciprocal space is represented by Monkhorst-Pack special k-point scheme 29 with 9 × 1 × 1 grid meshes. We have used effective core potential with double-numerical plus polarization (DNP) basis set, which includes a p electron polarization function on hydrogen atoms. All the structures are relaxed without any symmetric constraints. The criteria of convergence of energy, force, and displacement are set to be 1 × 10 −5 Ha, 0.002 Ha/Å, and 0.005Å, respectively. To investigate the magnetic coupling between two edges of the 558-defect ZGNRs, we calculate and compared the energies corresponding to FM and AFM, as well as the NM state. The magnetic moments of atoms are analyzed through the Mulliken scheme. The accuracy of our calculation procedure has been tested in our previous work.
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III. RESULTS
A. Geometric, electronic, and magnetic properties of 558-defect ZGNRs
We first examine the geometric, electronic, and magnetic properties of ZGNR containing 558-defect line ( Fig. 1) , where there are nine chains, denoted as 558-defect-9-ZGNR, and the width is about 2 nm. After relaxation, the 558-defect-9-ZGNR retains its planar structure. The C-C bond lengths of pentagonal and octagonal rings are within 1.43 ∼ 1.45Å, indicating delocalized π bonding. The AFM and FM coupling states of the two edges are also calculated, and the AFM state is energetically more favorable than the FM state by 14 meV/unit cell, consistent with previous report. 16 For the AFM ground state, contrary to the 2D metallic conductivity, the band structure and partial density of states (PDOS) suggest that the system is a semiconductor with an indirect band gap of 0.22 eV. The valence band maximum (VBM) is located at the X point of the reciprocal space and is contributed by the two edges (not shown here), while the conductance band minimum (CBM) is located at points and is contributed by the central defect line. In order to clarify the stability of the 558-defect-9-ZGNR, we investigate the binding energy and compare it with that of 9-ZGNR. Here, the binding energy is defined as E b = (E 558 − n C E C − n H E H )/n C , where E 558 , E C , and E H are the total energy of the investigated system, a C atom and a H atom, respectively; n C and n H are the number of C atoms and H atoms, respectively. The calculated binding energy of 558-defect-9-ZGNR is −8.13 eV/atom, which is comparable with the perfect pristine 9-ZGNR (−8.18 eV/atom).
We should point out that the AFM ground state of the 558-defect-9-ZGNR cannot be understood directly through the antipattern rule because the system is not a bipartite lattice. Detailed spin density analysis [ Fig. 1(c) ] shows that the central C atoms (C I and C II ) carry no magnetic moment, and the spins of the C atoms linked with them are antiparallel.
In the following we suggest that if we can introduce net magnetic moment in the central C I and C II , then the linked C atoms would carry spins along the same direction, and subsequently the two edges of 558-defect-9-ZGNR will be coupled in the FM configuration.
B. Strategy I: Uniaxial tension
A well-known classical example of strain-induced magnetism is bulk vanadium, which becomes magnetic when its lattice constant is expanded by 3%. 31 Recently, Kuo et al. found that tensile strain along the zigzag direction can greatly enhance local magnetic moments and ferromagnetic stability of a 2D graphene with 558 topological line defects. 19 Therefore, we can imagine that when uniaxial tension is applied to the 1D 558-defect-9-ZGNR [ Fig. 2(a) ], the C I and C II may become magnetic and AFM to FM transition may also occur. Our detailed calculations confirm this expectation.
In Fig. 2(b) we show the exchange energy E ( =E AFM − E FM ) as a function of the lattice constant c. Although in the equilibrium state (c = 4.90Å), the AFM state is the ground state. As the lattice gets expanded, the stability of FM state is gradually enhanced. The critical value for c is 5.03Å (2.7% expansion) at which the FM and AFM states are energetically degenerate. Beyond this value the FM state becomes rapidly more stable. For example, for c = 5.15Å (5% expansion) E reaches to 40 meV per unit cell. We find that correspondingly the C I -C II bond length in the FM state is larger than that of the AFM configuration, as shown in Fig. 2(c) , indicating weaker bond. Such a weak C I -C II bond can induce magnetism on the two atoms, which originally were nonmagnetic. In Fig. 2(d) we plot the magnetic moment carried by the C I (or C II ) atom as a function of uniaxial tension. The data are collected from the 558-defect-9-ZGNR in the FM edge-coupling state. It is observed that the C I (C II ) atoms are nearly NM under small tension, while they become magnetic when c 5.00Å. This is consistent with the FM stability and C I -C II bond weakening. The spin distribution [ Fig. 3(a) ] for c = 5.15Å (5% expansion) clearly shows the FM coupling between the C I and C II atoms, suggesting that ferromagnetism appears before the complete breakage of C I -C II bond. From the spin distribution plot, we observe that the C atoms linked with C I and C II atoms are all polarized with spin down, in contrast with those in Fig. 1(c) . This parallel spin polarization thus induces FM coupled edges in the 558-defect-9-ZGNR. We also calculate the total magnetic moment of the 558-defect-9-ZGNR in the FM edge-coupling configuration [ Fig. 2(d) ], which clearly shows nonzero value and gradual increment with respect to the lattice constant.
We analyze the magnetic distribution near the topological defect through the Ising model to understand the magnetic coupling transition. As shown in Fig. 3(c) , we are interested in the magnetic coupling between the C I and C II , the C I and C III (C I and C IV ), the C II and C V (C II and C VI ), and the C III and C IV (C V and C VI ) atoms. We denote the exchange parameters between them as J I , J II , and J III , respectively, which are all positive due to the antipattern rule: they favor to couple ferrimagnetically with each other. The total exchange energy can be written as
is the magnetic moment of C i , i = I, . . . , VI). Due to the longer distance between C III and C IV (C V and C VI ), we can anticipate that |J III | |J I |,|J II |. The C III and C V (similarly C IV and C VI ) atoms will always carry magnetic moments in the same direction, which is due to the antipattern rule, and have been verified in previous studies of pristine ZGNRs, which leads m III = m V and m IV = m VI . Due to symmetric consideration, we obtain |m I | = |m II | and |m III | = |m IV | = 0. Therefore, we can examine three different cases as follows. The relative energy arrangement between case (1) and case (2) is determined by the ratio between exchange parameters. It can be easily deduced that when |J II /J I | > |m I /4m III |, then E 2 < E 1 and vice versa. In its free state the exchange interaction between C I and C II (J I ) is large, so that it prefers case (1) instead of case (2) . However, when the uniaxial tension is applied, the J I becomes smaller due to longer C I -C II bond length and weaker interaction between them; then the inequality satisfies, and case (2) is more favorable.
The band structure and PDOS for c = 5.15Å are given in Fig. 3(b) . It shows that the system becomes metallic in both spin-up and spin-down channels, and the metallic bands are contributed mainly by p electrons. Such metallic conductivity is different from the semiconducting feature in its free state. Therefore, uniaxial tension can induce a transition from semiconductor to metal in 558-defect-9-ZGNR.
From the previous discussion we can see that uniaxial tension is effective for inducing ferromagnetism. A basic question follows: Is it also possible to induce ferromagnetism in defect-free ZGNR through uniaxial tension? Additional calculations have been performed on 8-ZGNR where there are eight zigzag chains, which can be derived from 558-defect-9-ZGNR by removing the defects. The calculated results are shown in Fig. 2(b) . It is found that the AFM state is always the ground state. Therefore ferromagnetism cannot be induced in pristine defect-free ZGNRs just by applying uniaxial tension. This demonstrates the positive role of the defect line in manipulating the magnetic properties.
C. Strategy II: Substitutional doping of foreign atoms
In our previous strategy the transition to FM is achieved by introducing structural distortion of the nanoribbons. Here we study another method to modify the magnetic coupling in defects by substitutional doping of B, N, Al, and P in the C II atom, which have different atomic sizes and different electron configurations compared with C. They are selected since their valence electron numbers differ from C by only one, which may induce magnetism to the defect line. In fact, doping foreign atoms into pristine graphene sheet has been successfully achieved in experiments. When B substitutes the C II atom of the 558-defect-9-ZGNR [ Fig. 4(a) ], we find that the system retains its planar structure, and the C I -B bond length is 1.555Å, larger than the critical C I -C II bond length of 1.455Å at c 0 = 5.03Å, as shown in Fig. 2(c) . This suggests that B doping can also expand the bond length of C I -B defects similar to the uniaxial tension, as discussed in the previous strategy. The C I and B atoms carry magnetic moment of 0.268 and 0.182μ B , respectively. The exchange energy between the two edges is calculated to be +21 meV, indicating stable FM coupling. Band structure and PDOS show that the system is metallic in both spin channels, contributed by p electrons [Fig. 4(b) ]. From the spin density given in Fig. 4(c) , we can see that both C I and B are magnetic and coupled ferromagnetically with each other. The total magnetic moment is calculated to be 1.74μ B per unit cell, which is significantly enhanced as compared to the case under uniaxial tension. To investigate the stability of the substituted 558-defect-9-ZGNR, we calculate the formation energy, which is defined as E F = (E substituted + E C ) − (E 558 + E foreign ), where E substituted and E foreign are the total energy of the doped system and the foreign atom (B, N, Al, or P), respectively. Positive formation energy means endothermic reaction process, while negative value corresponds to exothermic reaction. All the formation energies of the four substituted systems are found to be positive, suggesting they are all endothermic. Besides, we have performed molecular dynamics simulation using Nose-Hoover heat bath at 300 K to check the thermodynamic stability of our systems. We found that all of the systems, including the 558-defect-9-ZGNR and the substituted nanoribbons, are stable with very slight distortions, indicating that they can be applicable under room temperature.
Similarly, for the N-doped 558-defect-9-ZGNR (Fig. 5 ), we note that since the N atom has one more p electron than the C atom, the C I and N atoms are also magnetic with magnetic moment of 0.012 and 0.001μ B , respectively. The C I -N bond length is 1.425Å, slightly less than the C I -C II bond length due to the smaller radius of N. The exchange energy in this case is 12 meV, which is much less than that in the B-doped case. This is due to the small C I -N bond length and small magnetic moment carried by the C I and N atoms. The total magnetic moment is calculated to be 0.997μ B , and the system is found to be half metallic with metallic spin-up channel and semiconducting spin-down channel (band gap of 0.42 eV).
For the Al-or P-doped structure, similar to B or N doping, the two edges of the system also become FM coupled. We find that the Al-doped system is semiconducting with band gap of 0.30 eV, while the P-doped system is half metallic (metallic spin-up channel and semiconducting spin-down channel with band gap of 0.54 eV), similar to N doping (Fig. 6) . The bond length between the C I and the foreign atom, the total magnetic moment, the formation energy, and the exchange energy are summarized in Table I . We can see the following features.
(1) When B or Al is substituted, the magnetic moment carried by the defect line is much larger than those of N-or P-doped TABLE I. The bond length between the C I and the foreign atom (R 1 ; inÅ), the magnetic moment of C I (m CI ; in μ B ) and the doped atom (m D/CII ; in μ B ), the total magnetic moment (m total ; in μ B ), the formation energy (E F ; in eV/unit cell), and the exchange energy ( E; in meV) per unit cell of 558-defect-9-ZGNR. systems. ( 2) The C I -B(Al) bond is longer than that of the C I -N(P) bond. (3) Hence, the B and Al substitution is much more effective than the N and P to induce FM coupled edges. (4) Compared with the defect-free case, 10 the FM stability in ZGNRs with defect lines has been considerably improved by carrier doping due to the different mechanisms.
D. Dependence of exchange energy on the width of nanoribbon
In this section we present the exchange energy as a function of the width of the 558-defect-n-ZGNR for n going from 7 to 11 for different strategies, as discussed previously. The results are given in Fig. 7 . We see that the exchange energies are always positive, indicating that the edges are ferromagnetically coupled. As n gets larger, the exchange energy gradually decreases due to weaker magnetic coupling across the wider nanoribbon. We find the following sequence of the exchange energy for specific widths of the 558-defect n-ZGNRs: E (uniaxial strain) > E (B-doping) > E (N-doping).
IV. CONCLUSIONS
We studied the transition from AFM to FM in the edge-coupled configuration of nanoribbons with line defects of 558-type, which has been experimentally fabricated. By considering the magnetic property of C I and C II , we have explored two possible pathways including (i) applying uniaxial tension along the periodic direction and (ii) substituting C II with B, N, Al, or P atoms. The underlying mechanism is that the induced magnetism at C I (or C II ) mediates the ferromagnetic coupling across the edges. Compared to the existing methods proposed for such magnetic transition, the present strategies have some additional advantages: (1) larger exchange energies for stabilizing ferromagnetic phase and (2) using defects as additional variables to modulate magnetism. In fact, defects exist in many cases. In addition, the Curie temperature can be roughly estimated by mean field theory which states T C = E/k B . In this case the Curie temperatures of strained ZGNR (4%), B, N, Al, and P substituted systems are 464 K, 244 K, 139 K, 499 K, and 70 K, respectively. Experiments as carried out by C. Tao et al. 24 (detecting dI /dV spectra of 558-defect-ZGNR) can be used to check our predictions. We hope that the present theoretical study would stimulate new experimental efforts in this direction.
